Abstract-Monte Carlo programs, like the SIMIND program, have become increasingly used to simulate imaging systems like the scintillation camera and SPECT systems. Up to now, it has not been able to simulate a pinhole-imaging device with SIMIND. The aim of this work was to develop a routine for pinhole-imaging consisting of a knife-edge collimator and a conical shielding. The routine tracks the path of each photon through the pinhole-collimator and scores if photons either i) pass geometrically through the pinhole ii) penetrate through the edges of the pinhole or iii) being scattered in the collimator. This allows for calculation of fractions of geometrical, penetrating and scattered photons that contribute to an image. Variance reduction is implementing by forcing the photon, emitted from the last interaction point (or from the initial decay location), into a direction towards the center of the pinhole. Characteristic xray emissions from photon interactions are included. Results from simulations were compared to results from experimental studies using a SPECT system with a physical pinholecollimator. The parameters compared were here the sensitivity (cps/MBq) and the shape of line-spread functions as function of distance. Comparisons were also made with results from previously published Monte Carlo simulations of pinhole collimators for different radionuclides. Results from our simulations mostly showed a good agreement but for some cases we found differences especially in the values of the fraction of geometrical, penetrating and scattered photons when comparing to previously reported results. Our conclusion is, however, that the routine provides accurate pinhole collimator simulations.
I. INTRODUCTION
scintillation camera equipped with a pinhole collimator is in SPECT or planar imaging used to study small objects. The collimator consists of a shielding device that protects the scintillation crystal from mechanical forces and background radiation and a pinhole insert that can be either knife-edge-shaped or channeled. The inner surface of a knife-edge pinhole insert is shown in Fig. 1 . It has the shape of two opposite cones, one that opens towards the object and one that opens towards the camera head. The intersection points between the two cones compose a This paper has been supported by grants from the Swedish Cancer Foundation, The Gunnar Nilsson Foundation, the Bertha Kamprad's Foundation and Lund University Hospital Donation Funds.
Kurt Sundin and Michael Ljungberg are with the Department of Medical Radiation Physics, Clinical Sciences, Lund, Lund University, SE-221 85 Lund, Sweden (telephone +46 46 173565 e-mail: michael.ljungberg@med.lu.se) small hole called aperture through which the radiation can pass. Instead of the knife-edge intersection, the cones can intersect through a channel of a certain length. Compared to a channeled insert with the same aperture diameter a knife-edge insert has poorer spatial resolution but higher angle-dependent sensitivity. Pinhole imaging is primarily used for small organs such as the thyroid and for small-animal rats and mice imaging. These objects can be placed close to the aperture resulting in a large magnification within the field-of-view. The magnification is a function of focal length and distance between the object and the aperture and will increase as the object is closer to the pinhole collimator. The spatial resolution of a pinhole collimator also depends on the diameter of the aperture and the fraction of photons that may penetrate through the edge of the aperture [1] . A potential drawback of a pinhole collimator is its low and angular dependent sensitivity (cps/MBq).
Detected photons have either (a) passed through the aperture of the knife-edge pinhole insert, (b) penetrated through the edge of the aperture or (c) being scattered in the material of the collimator. Events originating from (b) or (c) will degrade the quality of the image by reducing the spatial resolution and the image contrast. A detailed Monte Carlo simulation of the photon transport can here be useful to optimize a collimator design for different types of radionuclides and serve as a useful tool when developing correction methods for e.g. photon attenuation or scatter correction.
The Monte Carlo program SIMIND [2] has been developed for many years and it has proved to be very useful for investigating nuclear medicine imaging systems based on the scintillation camera. The program has, however, not been able to simulate pinhole collimators. The aim of this work was therefore to develop a knife-edge based pinhole collimator routine to be used in optimization studies of a small-object imaging system.
II. MATERIAL AND METHODS

A. The pinhole collimator geometry
The pinhole collimator geometry can be separated into (a) the shielding part that protects the scintillation crystal from background radiation and (b) the actual pinhole insert. The inner surface of a knife-edge insert consists of two opposite cones forming a small hole denoted the "aperture". The following equation describes the pinhole collimator with its axis of symmetry orientated along the z-axis
where R is the radius of a cone at a distance h from its apex h o . To use Eqn. 1 in the simulation routine the geometry of the pinhole collimator was described by 5 compartments, denoted as C1-C5 as shown in Fig. 2 Fig . 2 . C1 is the space defined by z < z1, C2 is the space defined by z1 z < z2, C3 is defined by z2 z < z3, C4 is the space defined by z3 z z4 and C5 is the space defined by z1 < z. h is the thickness of the insert. The projected thickness, on to the xy-plan, of the wall of the shielding device is g.
To describe the inner surface of each part (in C2, C3 and C4) of the pinhole collimator the radius in Eqn. 1 was derived from geometrical considerations shown in Fig 2. For the lower part of the knife-edge pinhole insert (C2) the radius, R 1 , of its inner surface was derived as
where z 1 and z 2 are the lower and the upper boundaries of C2, respectively, in the z-direction, d 1 is the diameter of the entrance hole and d 2 is the diameter of the exit hole, i.e. the aperture. For the upper part of the knife-edge pinhole insert (C3) and the shielding device (C4) the radius, R 2 respective R 3 , of the inner surfaces were derived as
for n equal to 2 and 3, respectively. Here z n and z n+1 are the lower and the upper boundaries of the compartment, respectively, in the z-direction, d n is the diameter of the entrance hole and d n+1 is the diameter of the exit hole. The radius of the outer surface of the shielding device, R 4 , was derived by adding the, on to the xy-plan, projected thickness, g, of its wall to Eqn. 3 for n equal to 3. The outer surface of the insert was described as a flat surface by the equation
were d 5 is the diameter of the rim of the insert. With the different radii derived above together with Eqn. 1 and Eqn. 4 was it possible to define a number of sets that describe the inner and the outer space of the different parts of the pinhole collimator, i.e. the lower and the upper part of the knife-edge pinhole insert and the shielding device belonging to C2, C3 and C4 respectively. The set in Eqn. 5 below describes the inner space of the lower and upper part of the insert and the shielding device for n equal to 1, 2 and 3, respectively
When n equals 3 Eqn. 5 also describes the space outside the shielding device but in this case the projected thickness of the wall must be added to R 3 , i.e. R 3 becomes R 4 , and the condition is changed in that R 4 must be smaller than the expression on the lefthand side. Eqn. 6 describes the space outside the lower and upper part of the insert for n equal to 1 and 2, respectively.
( )
By comparing the current location of a photon with the sets given above (Eqn. 5 and 6) one can determine whether the photon is inside the pinhole collimator or not. If the photon neither was located inside nor outside the different parts of the pinhole collimator, it was assumed that the photon was located inside the collimator material provided that its position did not belong to C1 or C5.
B. Interface to the SIMIND Monte Carlo code
The collimator routine is constructed as a subroutine to SIMIND. Photons emitted from a sampled decay location are forced into a direction defined by a cone with its central axis centered on the mid-point of the aperture. The starting position in the pinhole collimator routine is defined by the plane of the entrance hole of the lower part of the insert, which has a z-coordinate equal to the value of z 1 in Fig 2. The types of interactions that can occur are photo absorption, Compton scattering and coherent scattering and related characteristic x-ray emissions. When a photon has been processed by the pinhole collimator routine its exit coordinate or information whether it has been absorbed in the material of the pinhole collimator is returned back to the main SIMIND program. Note that the routine only handles photons that propagate in a positive z-direction.
C. Experiment measurements
Results from pinhole collimator simulations were validated by comparing our simulations with experimental measurements where we used a SMV DST XLi dual-headed scintillation camera system. The pinhole collimator consisted of a conical-shaped shielding device made of lead and a knife-edge pinhole insert made of an alloy consisting of 93.0% W, 4.6% Ni and 2.4% Fe and that had a density of 18 g/cm 3 . The diameter of the shielding device at the crystal surface measured 38.7 cm, the aperture diameter was 3 mm and the focal length measured 29.5 cm. The distance between the opening of the insert and the aperture was 1.2 cm and the diameter of the opening cone measured 1.80 cm. The distance between the aperture and the opening of the knifeedge pinhole insert towards the shielding device was 1.35 cm and the diameter of the opening was 1.95 cm. The diameter of the rim of the knife-edge pinhole insert was 6.0 cm. We measured the system sensitivity (cps/MBq) for the distances 2.1, 3.1, 4.1 and 5.1 cm from the aperture by using a 57 Co point source located on-axis. The energy window was set to 20% (FWHM) at 122 keV and images were acquired in a 256×256 matrix mode with a pixel size of 0.226×0.226 cm 2 . A relative sensitivity was calculated by normalizing each measured sensitivity to the value obtained at 2.1 cm. Normalized Line-Spread Functions (LSF) were also calculated in the same way for each of the distances.
D. Comparison of angle-dependent sensitivity
Mallard and Myers [3] investigated the change of the sensitivity with the distance between a point source and the aperture, and proposed the following equation for the sensitivity 
where d is the diameter of the aperture, h is the shortest distance between the source and the aperture and is the angle between the source and the plane of the aperture. The exponent x was here equal to 3. Eqn. 7 does, however, not account for photons that penetrate the aperture edge. Paixs [4] proposed the use of an effective diameter but the dependence on the angle between the source and the aperture is not considered. Smith et al [5] model this dependency by determine the exponent x for a specific aperture diameter and acceptance angle by measuring the angular dependency as a function of the relative sensitivity for point sources of I and estimated the value of x by fitting a curve to their experimental data. The experiments were performed with four different knife-edge pinhole inserts that all were made of tungsten.
They also compared experimental measurements with Monte Carlo simulated data using an in-house developed code.
E. Comparison with penetration and scatter
Photons that penetrate the knife-edge pinhole insert or are scattered in the pinhole collimator may degrade the image quality. It is therefore of interest to determine how the design of the pinhole insert affects the number of penetrating and scattered photons that contribute to the image. It may be of interest to determine how these components vary with photon energy, aperture diameter, acceptance angle or material of the knife-edge pinhole insert.
Deloar et al. [1] have investigated by Monte Carlo simulations to which extent penetrating and scattered photons contribute to the image. In their experiments, three knife-edge pinhole inserts made of tungsten were used that each had a 60° acceptance angle and had apertures of 1, 2 and 4.8 mm in diameter, respectively. Measurements were conducted using a cylindrical phantom (6 cm in length and 4 cm in diameter) uniformly filled with A similar investigation of the relative number of photons that penetrate and being scattered in pinhole collimators has been conducted by van der Have et al. [6] . In this work, they performed simulations with three different micro-pinhole collimators made of tungsten, lead, gold or platinum and with aperture diameters of 0.1, 0.3 and 0.5 mm, respectively. The geometry is shown in Fig. 3 . Tc point source defined on the symmetry axis of the micro-pinhole and 25 mm from the aperture. We have conducted simulations in accordance with this work and compared the results.
III. RESULTS
As is shown in Fig. 4 simulated sensitivity as a function of distance to the aperture shows a good agreement with measurements although discrepancies can be seen. The simulated sensitivity decreases faster in magnitude with distance than the measured, probably because of uncertainties in the positioning of the point source and the source-collimator distance. The geometrical sensitivity obtained from simulations decreased as a function of one over the square of the source-to-aperture distance indicating that the routine accurately simulates the characteristics related to the aperture. Table 1 shows a comparison between data published by Smith et al. [5] and corresponding data simulated with the pinhole collimator routine described in this work for different aperture diameters and acceptance angles. Table 2 shows simulated data published by Deloar et al. together with results from our corresponding simulations. Table 3 shows simulated data published by van der Have et al. [6] together with corresponding data generated with the pinhole collimator routine, described in this work. Tc and 131 I sources shows a good agreement for acceptance angles of 100° and 94° but for acceptance angles of 88° and 84° our results shows some differences. In the work by Smith et al., the source was moved away from the symmetry axis in steps of 3 cm until the source reached a location 12 cm from the symmetry axis. At this end position and for a acceptance angle of 84° or 88° the source is nearly on the edge of (or even outside) the FOV for the pinhole collimator. The sensitivity will therefore be very dependent on the shape of the source and design of the insert. No specification of the insert other than the aperture diameter and the acceptance angle was, however, given in [7] and because of this we have used the geometry of the knife-edge pinhole insert used in our experimental measurements.
The sensitivity at the edge of the FOV will also vary with the thickness of the knife-edge pinhole insert, i.e. the distance from the aperture to the bottom (and the top), z 2 -z 1 (and z 3 -z 2 ) as is illustrated in Fig.  2 . This distance may be different depending on collimator design. Despite this fact simulations with the same distance between the aperture and the top/ bottom of the knife-edge pinhole insert were performed, with values ranging from 0.7 to 1.3 cm. The exponent x in Eqn. 7 became smaller for knifeedge pinhole inserts that had an acceptance angle of 84° or 88° as the thickness h was decreased while the exponent was almost constant for the inserts that had acceptance angles of 94° or 100°.
The exponent x may not only depend on the value of h but also on the interface between the knife-edge pinhole insert and the shielding device. If the entrance hole of the shielding device has the same diameter as the exit hole of the knife-edge insert the sensitivity will be less than for a case where the diameter of entrance hole is larger than the diameter of the exit hole of the knife-edge insert. The diameter of the exit hole of the shielding device will only have a minor influence on the sensitivity. It will only start to affect the sensitivity when the knife-edge pinhole insert becomes so thin, or the photon energy is so high, that it will no longer prevent radiation from penetrating at the interface between the shielding device and the insert.
The comparison between our results and the results of the fraction of photons passing through the aperture, penetrating its edge or scattering in the knife-edge pinhole insert calculated by Deloar et al. as is shown in Table 2 , is not good in a quantitative way. This is especially true for the comparison between relative numbers of photons that scatter in the knifeedge pinhole insert. Still the comparison is good in a qualitative way, i.e. the numbers of photons that penetrate or scatter in the knife-edge pinhole insert decrease with the diameter of the aperture. The differences seen in Table 2 and 3 might have been caused by the use of differences in cross-section data and how accurate the actual interactions in the collimator are simulated (inclusion of coherent scattering, correction for bounded electrons, treatment of characteristic x-ray emission, etc). Furthermore, while van der Have simulated a point source the work by Deloar was based on a cylindrical source with a uniformly distributed solution of 99m Tc in which the initial photon energy could be reduced by Compton interaction. This energy loss then changes the probability for photon penetration resulting in the relative amount of photons that penetrated or scattered in the pinhole collimator.
As an example of an application with the pinhole collimator simulation Monte Carlo simulation using the developed routine can produce very realistic images we have simulated SPECT projection using the Moby digital mouse phantom [8] , shown to the left in Fig. 6 . Hypothetical relative activity concentration levels of 50 in the left myocardial muscle and 10 in the spine, kidneys and the ribs were defined and simulation were made using 64 projection in a 360° rotation mode. Fig. 6 also shows transversal, coronal and sagittal images of the initial activity distribution (middle) and density distribution (right) for the Moby phantom. Fig. 7 shows three frontal projections for 0.1, 0.2 and 0.3 cm apertures. Fig. 8 shows examples of reconstructed transversal, coronal and sagittal tomographic images over the kidney for a 0.1 cm and 0.3 cm aperture using the activity distribution above. These tomographic images have been created using an OSEM reconstruction program written for parallelhole collimator since a reconstruction program for pinhole was not available. 
V. APPENDIX
The flowchart below describes logical steps in the pinhole collimator routine. The abbreviations "pos" stands for photon position and "coll" stands for collimator. The process that follows if the photon is found to be inside the compartment C3 is the same as the process that follows if the photon is found inside the compartment C1. 
